ABSTRACT
(Endocrinology 133: 1645-1649, 1993) G RANULOSA cells have an integral role in the maintenance and control of ovarian function. This epithelial cell helps form the follicle and provides the proper cytoarchitectural support and microenvironment for the developing oocyte. During the process of folliculogenesis, granulosa cells proliferate and actively differentiate from a primordial stage of development through ovulation to a luteal stage. A major functional parameter of granulosa cells is the biosynthesis of estradiol and progesterone. The pituitary gonadotropin FSH regulates granulosa cell function during the follicular phase of development (1). Granulosa cell function can also be regulated by local cell-cell interactions involving neighboring thecal cells (2-5). A complete understanding of the physiological importance of granulosa cells requires further elucidation of specific cellular functions, in particular the identification of FSH-dependent secretory products (6).
fibrinogen synthesis have not been reported. Due to high circulating levels of fibrinogen, any extrahepatic synthesis will probably have specialized local functions.
The current study was designed to investigate granulosa cell function and identifies fibrinogen as a FSH-regulated secretory product. The potential role of fibrinogen in the ovulatory process is discussed.
Materials and Methods
Tissue isolation and serum-free cell culture
Fibrinogen is primarily synthesized in the liver and released into circulating blood, where it has an essential role in the final stage of blood clotting throughout the body (reviewed in Ref. 7). Fibrinogen is produced as a 340-kilodalton (kDa) multimeric protein composed of two sets of cy-, p-, and y-chains that are processed into proleolytic fragments by thrombin to produce fibrin. In addition to their role in blood clotting, fibrinogen fragments can also enhance the proteolytic activity of tissue-type plasminogen activator (tPA) (8). This activity is important for the fibrinolytic system, because tPA specifically converts plasminogen to plasmin, which is involved in the processing of fibrinogen (9). Therefore, fibrinogen has a dual function in its ability to alter tPA activity and facilitate blood clotting. Extrahepatic sites of Bovine ovaries were obtained from young nonpregnant cycling heifers less than 10 min after death. Ovaries were delivered fresh on ice or immediately frozen at -70 C and delivered on dry ice by Bova-Max, Inc. (Fresno, CA). Granulosa cells were isolated by microdissection from fresh tissue and cultured as previously described (6). Cells were plated with an initial density of approximately lo6 cells/2 cm' and maintained for 1-3 days at 37 C in a 5% CO* atmosphere in the absence of serum. The indicated cells were treated with FSH at 100 rig/ml (National Pituitary Agency, Baltimore, MD).
Gel electrophoresis
Conditioned medium from granulosa cell cultures was collected for l-3 days. When required, the medium was concentrated by ultrafiltration using a lo-kDa exclusion limit membrane. Electrophoresis was performed on 7.5-15% gradient polyacrylamide gels using reducing conditions and the Laemmli sodium dodecyl sulfate buffer system (10 .
After initial coating, the plate was washed once with PBS-Tween.
Quickly, 100 ~1 antibody were added for 10 min, followed bv 100 ~1 sample/standard, and the plate was rotated for a total of 1 h (25 C). 
Results
Granulosa cells were cultured in the presence of [35S] methionine and [3H]glycine to study specific secretory proteins. Radiolabeled GCM was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by fluorography (Fig. 1, lane 1) . FSH treatment clearly stimulated certain secretory proteins while suppressing the secretion of others. Bands with apparent molecular masses of 50 and 93-95 kDa were identified and investigated. Concentrated GCM (loo-fold) was electrophoresed in several lanes, and separated proteins were transferred to a polyvinylidine membrane in 3-cyclohexylamino-propane-sulfonic acid buffer. Transferred proteins were stained for 1 min in 0.1% Coomassie blue. Although some bands were indistinguishable due to high protein concentration, the bands of interest were identified and excised. Similar bands from different lanes were combined for N-terminal microsequence analysis on an ABI 475A liquid phase peptide sequencer using the Edman degredation method. It was possible to sequence 5-20 amino acids in each run, after which background from contaminating sequences was too high. These sequences were loaded into the PIR/Swiss Prot protein data banks to search for homologies. The bands of interest migrating at 50 and 93-95 kDa matched the sequences of bovine fibrinogen /3-and y-chains, respectively (Fig. 2) . In addition, each matching sequence immediately followed a lysine (k) residue, corresponding to an expected tryptic cleavage site of the protein.
The immunoreactivity of these bands was investigated using a primary antibody to human fibrinogen. Figure 1 shows the results of both immunoprecipitation and immunoblot analysis with this antibody. In both experiments, the bands of interest clearly react with fibrinogen antibody. The immunoprecipitation was performed on radiolabeled GCM using a double antibody precipitation technique. Radiolabeled 50-kDa and 93-to 95-kDa proteins were specifically precipitated, demonstrating active synthesis and secretion of these proteins by granulosa cells. Immunoblot analysis also detected the 50-kDa and 93-to 95-kDa proteins. Periodically, a more than 200-kDa protein was detected (Fig. 1, lanes 4 , 5, and 7) that presumably is the large mol wt precurser of fibrinogen. Additional bands of 65-to 70-kDa and 120-to 150-kDa were detected in lanes 2-4, which appear in the nonimmune serum and no primary antibody lanes, suggesting nonspecific interactions with these proteins and the secondary antibody. These results demonstrate that the 50-kDa and 93-to 95-kDa proteins are immunologically similar to fibrinogen and are actively secreted by bovine granulosa cells in vitro.
To examine the production of fibrinogen at the transcriptional level, fibrinogen gene expression was studied in granulosa cells. Fibrinogen is transcribed from three related genes encoding the (Y-, /3-, and y-subunits of the whole molecule. In several species each of the fibrinogen genes have been shown to be independently regulated in the liver (20) . RNA was extracted from bovine granulosa cells and whole follicles. Total RNA was reverse transcribed, and cDNA was used as template for PCR analysis (RT-PCR). Two primers were synthesized encoding regions from exons VI and VIII of the fibrinogen y-chain gene. Figure 3 shows the results of RT-PCR from ovarian follicle and liver RNA using the fibrinogen y-chain primers. The expected 394-bp fragment was generated in bovine liver (positive control) and ovarian follicle cells, but not in rat liver. Similar results were obtained with purified granulosa cells (data not shown). Therefore, the fibrinogen y-chain gene is expressed in these cells and provides additional support that fibrinogen is synthesized and secreted by granulosa cells. Because FSH promotes granulosa cell differentiation, the effects of FSH treatment on fibrinogen secretion were examined. A competitive ELISA was developed using a primary antibody to human fibrinogen that was conjugated to peroxidase. This assay was useful in measuring fibrinogen in GCM and in standard solutions of purified bovine fibrinogen. As shown in Fig. 4B , FSH-treated cells secreted 2-3 times more immunoreactive fibrinogen than control cells. The as- say is validated in Fig. 4A by demonstrating parallel curves of GCM and standard fibrinogen,
Discussion
The current study was designed to further investigate granulosa cell function through the identification of secreted proteins. A previous study with bovine granulosa cell cultures identified major secreted proteins of 200, 65, 25, and 15 kDa (6) . In the current study granulosa cells were treated with FSH and found to secrete a number of FSH-stimulated (ug) or GCM (ul) products, including 50-kDa and 93-to 95-kDa radiolabeled secreted proteins. These proteins were isolated, and an Nterminal sequence was determined to potentially identify these granulosa cell products. The 50-kDa protein had a sequence identical to bovine fibrinogen ,&chain. A set of at least three proteins around 92 kDa was consistently detected, and the 93-and 95-kDa proteins were both found to have an identical sequence with bovine fibrinogen y-chain. As both the 93-and 95-kDa proteins had the same N-terminal sequence, these proteins are apparently processed differently. These results suggest that granulosa cells may secrete fibrinogen in vitro.
FIBRINOGEN
To confirm the production of fibrinogen by granulosa cells, an antibody to fibrinogen was obtained. An immunoprecipitation of radiolabeled secreted proteins specifically precipitated the 50-kDa and 93-to 95-kDa proteins. The precipitation of radiolabeled proteins indicates that these proteins are actively synthesized and secreted by granulosa cells. An immunoblot procedure also detected these same three proteins. Therefore, granulosa cells appear to actively secrete 50-kDa and 93-to 95-kDa proteins that have sequence similarity to fibrinogen and are immunologically similar to fibrinogen. The sizes of these proteins correspond to the anticipated sizes of processed forms of fibrinogen. Altematively, the y-dimer of fibrin corresponds to 93-95 kDa. Quantitation of fibrinogen production by granulosa cells indicated that FSH stimulated fibrinogen secretion. These data provide additional support that granulosa cells produce fibrinogen and suggest that fibrinogen may provide a useful model of granulosa cell cytodifferentiation.
The gene expression of fibrinogen y-chain was investigated with RT-PCR. The PCR primers used corresponded to exon regions that spanned two introns. Therefore, the PCR product was distinguished from the possible amplification of genomic DNA. Granulosa cells were found to contain fibrinogen y mRNA, confirming the expression of the gene by this cell type. Further studies are now needed to assess the gene expression of fibrinogen P-and a-chains. In addition, examination of the fibrinogen subunit gene expression should All data were normalized for granulosa cell DNA levels (micrograms of fibrinogen per pg granulosa DNA), and the fibrinogen levels in conditioned medium ranged from 9-42 rg/ml.
include a Northern analysis to detect potential spliced varients. The results of the current study provide one of the first examples of extrahepatic expression of fibrinogen. Because high concentrations of fibrinogen are present in the circulation, local production of fibrinogen will probably have specialized functions.
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Fibrinogen secretion by granulosa cells is speculated to function during ovulation. As fibrinogen is essential for blood clotting and fibrinolysis during tissue repair (7, 8) , fibrinogen secretion by granulosa cells may be important to ensure the integrity of the ovarian wall after ovulation. In addition, fibrinogen may be involved in the mechanism of ovulation because fibrinogen fragments enhance tPA activity. Previously, tPA has been postulated to be involved in ovulation (21) (22) (23) (24) . Therefore, fibrinogen may regulate the proteolytic activity of tPA in follicular fluid and indirectly influence ovulation. Fibrinogen has also been shown to associate with hyaluronic acid, which is an abundant component of follicular fluid and may influence ovulation and subsequent fibrinolysis and wound healing (25) (26) (27) . Analysis of the potential role of fibrinogen in the ovary will involve the determination of fibrinogen levels in follicular fluid to assess serum US. granulosa cell contribution. Further analysis of fibrinogen secretion and fibrinogen gene expression during follicle development will provide insight into the physiological function of granulosa cell-secreted fibrinogen.
